This study determined the effects of salicylic acid (SA) and methyl jasmonate (MJ) on chilling injury (CI) of stored mangoes at low temperature. Mango fruits cv. Nam Dok Mai No.4 were dipped in SA and MJ at concentrations of 0.1 and 1 mM for 10 minutes and stored at 5±1 ºC with 90±2% RH for 42 days. Fruits were sampled every 7 days to determine the CI index, malondialdehyde (MDA) content, electrolyte leakage (EL), then transferred to room temperature (25±2 ºC, 70±2% RH) for ripening and analyzed for CI index, MDA content, EL, and ripening quality. The results show that mango fruits showed CI symptoms after 21 days of storage at 5 ºC and were unacceptable for consumption after 28 days of cold storage and after transfer to room temperature. SA and MJ treatments significantly reduced CI, MDA content, and EL in the mango skin and pulp during cold storage and after transfer to room temperature. Dipping fruits in 0.1 mM MJ, 1 mM MJ, and 0.1 mM SA reduced CI of cold storage and after transfer to room temperature up to 35 days, whereas dipping in 1 mM SA prolonged this up to 42 days without affecting fruit firmness, percentages of TA, and skin color (°Hue values) of the ripe fruits.
Introduction
Mango (Mangifera indica L.) is an economic fruit grown throughout Thailand. It is domestically consumed and exported to international markets. Among mango cultivars, Nam Dok Mai is the most popular with lusciously fragrant sweet juicy flesh and golden yellow skin color that attracts consumers. Harvested mangoes ripen and deteriorate quickly at ambient temperature (Zhao et al., 2006; Ding et al., 2007) , leading to a short postharvest life and an export problem. Low temperature storage is considered to be the most effective method of extending postharvest life and maintaining the quality of the fruits (Wills et al., 1998) . Keeping mangoes under low temperatures causes chilling injury (CI), the symptoms of which include skin surface pitting, sunken lesions, skin browning and pulp discoloration, and the symptoms become more serious when fruits are transferred to room temperature (González-Aguilar et al., 2000 , 2001 Zhao et al., 2006; Ding et al., 2007; Wang et al., 2008) . Chilled mangoes have a less desirable aroma and flavor after transfer to room temperature for ripening (Mohammed & Brecht, 2002) . Such symptoms are dependent on the cultivar, degree of maturity, time and temperature of exposure, and environmental conditions during and after low temperature storage (Mohammed & Brecht, 2002; Phakawatmongkol et al., 2004; Lim et al., 2009) . It has been reported that mango fruit cv. Nam Dok Mai is very susceptible to CI when stored at cold temperature such as 12 ºC (Phakawatmongkol et al., 2004) . This development of CI symptoms reduces customer acceptance and limits the storage life of the fruits.
used to indicate lipid peroxidation of membrane lipids and membrane permeability, respectively, which increase during low temperature storage (Zhao et al., 2006) . Various methods, such as modified atmosphere packaging (Kumpoun and Uthaibutra, 2010) , cold-shock treatment (Zhao et al., 2006) and application of plant growth regulators (PGRs) (Ding et al., 2007) have been applied to mango fruits to alleviate CI symptoms. Among those methods, application of PGRs is easy to set up and inexpensive (Cao et al., 2009; Jin et al., 2009; Sayyari et al., 2009 ).
Salicylic acid (SA) and methyl jasmonate (MJ) are plant hormones and endogenous signal molecules that have important roles in responses to environment stresses (Raskin, 1992; Creelman and Mullet, 1997; Ananieva et al., 2004; Wang et al., 2006) . It has been reported that SA and MJ treatments could be used to reduce deterioration and the development of CI symptoms in three cultivars of mango: Tommy Atkins, Kent, and Zill (González-Aguilar et al., 2000 , 2001 Ding et al., 2007) and other fruits such as guava (Psidium guajava), loquat (Eriobotrya japonica L.), peach (Prunus persica L.) and pomegranate (Punica granatum) (González-Aguilar et al., 2004; Cao et al., 2009; Meng et al., 2009; Sayyari et al., 2009 ).
Although SA and MJ have been shown to alleviate CI symptoms in mango fruits, there have rarely been studies on Thai mangoes. The objective of our study was to determine (1) the effects of SA and MJ on CI symptoms of Nam Dok Mai No. 4 mango fruits during cold storage and after transfer to room temperature and (2) the effects of SA and MJ on ripening quality of Nam Dok Mai No. 4 mango fruits after transfer to room temperature.
Materials and Methods

Plant Materials
Mango fruits cv. Nam Dok Mai No. 4 at the harvest stage were obtained from a commercial orchard in Noen Maprang district, Phitsanulok province, Thailand, and transported to the Postharvest Physiology and Technology Research Laboratory at Chiang Mai University within 6 hours of harvest. Fruits were cleaned with tap water, separated by size and color, cleaned in a solution of 0.06 mM azoxystrobin for 30 seconds, and dried in air at ambient temperature. The fruits were randomly divided into five groups of 84 fruits each and each group was dipped in solutions of 0.1 mM SA, 1 mM SA, 0.1 mM MJ, 1 mM MJ or distilled water (as a control) for 10 minutes. After dipping, fruits were air-dried for 30 minutes, packed in corrugated cardboard boxes (12 fruits per box), and then stored at 5±1 ºC with a relative humidity (RH) of 90±2% for 42 days. Twelve fruits from each treatment were randomly sampled every 7 days. Six fruits were evaluated for changes in CI index, MDA content, and EL. The other six fruits were transferred to room temperature (25±2 ºC, 70±2% RH), and allowed to ripen. Ripening quality including the number of days to ripen, skin color, firmness, TSS, TA, disease index, consumer acceptance, and the same parameters as mentioned above were measured.
Chilling Injury (CI) Index
The degree of CI was indicated using the CI index, as described by Zhao et al. (2006) with slight modifications. The CI score was assessed on the percentage of surface area affected by browning on the skin compared with total surface area, where 0 = no visible browning area, 1 = 1-10% browning area, 2 = 11-25% browning area, 3 = 26-50% browning area, 4 = 51-75% browning area, and 5 = > 75% browning area. The CI index was determined for each treatment by multiplying the number of fruits in each category with their score, and then dividing this by the total number of fruit assessed. Fruits having a CI index above 2 were considered as unacceptable for visual marketing quality.
Malondialdehyde (MDA) Content
The MDA content in mango skin and pulp was measured according to the method of Hodges et al. (1999) . Frozen tissue (1 g) was homogenized in 5 ml of 0.1% (w/v) trichloroacetic acid (TCA) by using a mortar and pestle. The homogenate was centrifuged at 10 000×g for 20 minutes (Biofuge pico, Sorvall, Germany). Then 0.5 ml of 20% TCA containing 0.5% (w/v) thiobarbituric acid (TBA) was mixed with 0.5 ml of supernatant. The mixture was heated in boiling water for 10 minutes, cooled to room temperature, and centrifuged at 10 000×g for 5 minutes. The absorbance of the supernatant was measured at 532 nm by a visible spectrophotometer (Genesys 20, Thermo Scientific, USA) and corrected for nonspecific turbidity by subtracting the absorbance at 600 nm. The amount of MDA was calculated from the extinction coefficient of 155 mM −1 cm −1 and expressed as nmol/g fresh weight.
Electrolyte Leakage (EL)
EL was measured according to the method of Chan et al. (1985) , with slight modifications. Ten discs, taken with a cork borer (10 mm diameter) from skin and pulp tissue, were placed in an Erlenmeyer flask with 25 ml deionised water. After 30 minutes at 25 ºC, conductivity was measured with a conductivity meter (FiveEasy FE 30, Mettler Toledo, Switzerland) . The Erlenmeyer flask was heated at 98 ºC for 15 minutes. The conductivity was re-measured after cooling. Membrane permeability units were calculated as: %EL = (ion leakage at 25 ºC/ion leakage at 98 ºC) ×100.
Ripening Quality
The number of days required to ripen mangoes was counted when fruits were transferred to room temperature.
Skin color of ripe fruits was determined using a chromameter (MiniScan XE Plus, HunterLab, U.S.A.) and expressed as °Hue values (CIE 1976) . °Hue values indicate skin color ranging from 0-360 in which the value of 0, 90, and 180 indicates red, yellow, and green, respectively.
Flesh firmness was determined using a firmness tester (Hunter Spring LKG-10, AMETEK, U.S.A.) with a diameter tip of 11 mm.
TSS content was determined using a pocket refractometer (PAL-1, ATAGO, Japan).
TA content was determined by titrating fruit juice with 0.1 N NaOH according to AOAC (1990) procedures and expressed as percentage of citric acid per volume of fruit juice.
The degree of disease in fruits was indicated, using a disease index (DI) based on external damage on the skin (Wang et al., 2008) . The disease score was assessed by the percentage of total surface area affected by disease, where 0 = no visible diseased, 1 = ≤ 25% diseased area, 2 = 26-50% diseased area, 3 = 51-75% diseased area, and 4 = > 75% diseased area. The DI was determined for each treatment by multiplying the number of fruits in each category with their score and then dividing this by total number of fruits assessed.
Consumer acceptance for texture, taste, appearance, and odor of ripe mangoes was evaluated by a trained panel of 5 people using a nine-point hedonic scale in which 1 was the lowest acceptance, whereas 9 was the highest (Wang et al., 2008 ). An average of score more than six was considered as acceptable for consumption. The qualities of ripe fruits after transfer from cold storage were compared with fruits ripened normally at room temperature.
Statistical Analysis
Experiments were performed using a completely randomized design and were repeated three times. Statistical analysis was carried out using SPSS version 17 (SPSS incorporation Chicago, IL, USA). Tukey's Multiple Range Tests (P = 0.05) were performed to determine significant differences among the treatments.
Results
Chilling Injury during Cold Storage
During cold storage at 5 ºC, CI symptom, such as skin browning, indicated by the CI index, of Nam Dok Mai No. 4 mango fruits started to appear after 21 days and progressed in fruits stored for longer periods (Figure 1 ). At 35 and 42 days, in addition to skin browning, fruits also showed symptoms of surface pitting and endocarp browning (data not shown). Fruits treated with either SA or MJ at concentrations of 0.1 and 1.0 mM had significantly lower CI indices and significantly less severe CI symptoms (Figure 1 ). At 42 days, the CI index was significantly reduced by 20%, 70% and 20%, in fruits treated with 0.1 mM SA, 1.0 mM SA and 0.1 mM MJ, respectively, compared with the control (Figure 1) . Among the treatments, 1.0 mM SA was the most effective at reducing the CI index (Figure 1 ). 
MDA Content during Cold Storage
During cold storage at 5 ºC, MDA content in the skin and pulp (Figures 2a, and b) significantly increased in the control fruits. This increase in MDA content was reduced when fruits were treated with SA and MJ. At 42 days, the MDA content in the skin of mango fruits treated with 0.1 and 1 mM SA was lower than that of the control by 7.7 and 22.5%, respectively, whereas MDA content was reduced by 13.9 and 6.8% when fruits were treated with 0.1 and 1 mM MJ, respectively. In the pulp, the MDA content of fruits treated with 0.1 and 1 mM SA was lower than that of the control by 19.2 and 33.6%, respectively, at 42 days, while for fruits treated with 0.1 and 1 mM MJ, it was 18.5 and 10.5% lower compared with the controls. The treatment of 1 mM SA was the most efficient at reducing MDA content in both the skin and pulp.
Figure 2. Effects of SA and MJ on malondialdehyde (MDA) content in the skin (a) and pulp (b) of mango fruits during storage at 5 ºC
EL during Cold Storage
During cold storage at 5 ºC for 42 days, EL in Nam Dok Mai No. 4 increased slightly in the skin and pulp (Figures 3a, and b) . This increase of EL was reduced by MJ and SA treatments. In the skin, EL of fruits treated with 0.1 and 1 mM SA was lower than the control by 13.6 and 25.1%, respectively, at 42 days after storage, whereas EL of fruits treated with 0.1 and 1 mM MJ was 13.1 and 2.8% lower than that of the control (Figure 3a) . In the pulp, EL of fruits treated with 0.1 and 1 mM SA was 13.9 and 19.7% lower than that of the control at 42 days, whereas in fruits treated with 0.1 and 1 mM MJ, EL was reduced by 10.6 and 4.7%, respectively (Figure 3b ).
CI after Transfer to Room Temperature
The CI of ripe mango fruits started after cold storage for 21 days and progressed in fruits stored for longer periods (Figure 4 ). Ripe mango fruits of the control group rapidly developed CI after cold storage for 21-42 days, but dipping fruits in 0.1 mM SA, 1 mM SA and 0.1 mM MJ significantly reduced this symptom (Figure 4) . At 42 days, the CI index was significantly reduced by 17%, 60% and 13% in fruits treated with 0.1 mM SA, 1.0 mM SA and 0.1 mM MJ, respectively, compared with the control fruits (Figure 4 ). The treatment of 1 mM SA was the most effective at reducing the CI index of ripe fruits for all storage times (Figure 4 ). For the criterion of acceptability for visual marketing quality of mango fruit, it was found that dipping fruits in 0.1 mM SA and 0.1 mM MJ could prolong storage time of mango fruits at 5 ºC for 28 days with CI indices of 1.83 and 2.00, respectively, whereas the CI index of the control group was over 2 (Figure 4) . Interestingly, the treatment of 1 mM SA could prolong the storage time up to 42 days with a CI index of 2.00 (Figure 4) . 
MDA Content and EL after Transfer to Room Temperature
MDA content in both skin and pulp of ripe mango fruits in all groups increased in fruits stored for longer periods (Figures 5a, and b) . This increase in MDA content for all storage times was significantly reduced in fruits treated with 0.1 mM SA, 1 mM SA and 0.1 mM MJ (Figures 5a, and b) . The treatment of 1 mM SA was the most effective in reducing MDA content in both skin and pulp of ripe fruits (Figures 5a, and b) .
EL in both skin and pulp of ripe mango fruits in the control group considerably increased in fruits stored for longer periods (Figures 6a, and b ). This increase of EL for all storage times was significantly reduced in fruits treated with 0.1 mM SA, 1 mM SA and 0.1 mM MJ (Figures 6a, and b) . It was found that 1 mM SA was the most effective in reducing EL in both skin and pulp of ripe fruits (Figures 6a, and b) . 
Ripening Quality of Mangoes after Transfer to Room Temperature
The results showed that fruit firmness, percentages of TA and skin color (°Hue values) of ripe fruits after cold storage for 7-42 days of the control, SA, and MJ treatments were not significantly different from fruits ripening at room temperature, whereas other qualities were slightly changed (Table 1) .
For 7-14 days all treated and control fruits ripened normally, and their ripening qualities were not different from the fruits ripening at room temperature, except the percentage of TSS in which cold storage for 14 days significantly decreased this quality (Table 1) .
Fruits stored for 21 days had lower TSS than fruits ripening at room temperature (Table 1 ). The number of days to ripen was affected. Mango fruits cv. Nam Dok Mai No. 4 required 10 days for ripening at room temperature, whereas this occurred in 8 days in fruits stored in the cold for 21 days before transfer to room temperature. The score of consumer acceptance for the control and the treatments was more than six, indicating that keeping fruits for 21 days in cold temperature was acceptable for ripening qualities.
For fruits ripening after cold storage for 28 days, all treatments and the control had lower TSS and number of days to ripen than fruits ripening at room temperature (Table 1 ). The score of consumer acceptance in the control group was lower than six. This score in SA and MJ treated fruits was about six to seven and was not significantly different from that of fruits ripened at room temperature (Table 1 ). The disease index (DI) for the control and SA treatments was not different from that of normal fruits, whereas the DI in MJ treated fruits was higher than in normally ripened fruits (Table 1) .
At 35 days, TSS of the control and 1 mM SA treated fruits was higher than other treatments and was not significantly different from that of normally ripened fruits (Table 1 ). All treatments and the control had a higher DI and lower number of days to ripen than those of normally ripened fruits (Table 1) . Treatments of 0.1 mM and 1 mM SA had score of consumer acceptance of 6.4 and 6.8, respectively, whereas in other treatments and the control fruits, this score was lower than six (Table 1) . ripening, but at this storage time, the fruits were still acceptable as the CI index was lower than 2 (Figures 1 and  4) . At 28 days of cold storage, fruits in the control group and 1 mM MJ treatment were unacceptable since the CI index was over than 2. Fruits dipped in 0.1 mM SA, 1 mM SA and 0.1 mM MJ maintained their quality ( Figures  1 and 4) . The CI index of 0.1 mM SA and 0.1 mM MJ was unacceptable after 35 days, whereas 1 mM SA treatment prolonged storage time of the fruits until 42 days (Figures 1 and 4) . These results indicate that SA and MJ treatments reduced CI symptoms in mango fruits. Our results are consistent with Ding et al. (2007) and González-Aguilar et al. (2000 , 2001 who reported that CI symptoms in mango fruits cvs. Zill, Tommy Atkins and Kent during cold storage and after transfer to room temperature were reduced by SA and MJ treatments.
It has been reported that CI is caused by physiological changes in the cell membrane, where the liquid-crystalline state is changed to a solid gel state and this rigidity of the cell membrane causes EL from the cell (Lyons, 1973) . In addition, the content of MDA, a secondary end product of polyunsaturated fatty acid oxidation, has also been reported to increase during low temperature storage (Zhao et al., 2006) . MDA is usually considered as an indicator for the structural integrity of the membranes of plants subjected to low temperatures (Hodges et al., 1999) . In our study, EL and MDA content in the skin and pulp of Nam Dok Mai No. 4 increased during storage at 5 ºC (Figures 2 and 3 ) and rapidly increased when the fruits were transferred to room temperature (Figures 5  and 6 ). Interestingly, the increase in EL and MDA content appeared before the CI symptoms (Figures 1-6 ). This result suggests that oxidative stress is an early response of mango fruits to chilling injury as it initiates membrane degradation causing lipid peroxidation (Shewfelt and del Rosario, 2000) . Our results are consistent with previous studies by González-Aguilar et al. (2000), Zhao et al. (2006) , Ding et al. (2007) and Wang et al. (2008) who found that EL and MDA content increased in Tommy Atkins, Wacheng, Zill, and Tainong mango fruits during storage at 2-7 ºC for 7-30 days.
Although EL and MDA content increased during storage at 5 ºC, these parameters decreased in fruits treated with SA and MJ treatments (Figures 2 and 3) . The result agrees with Ding et al. (2007) who reported that SA reduced MDA content of Zill mango fruits during storage at 5 ºC for 30 days. This result is also consistent with González-Aguilar et al. (2000) who found that MJ treatment reduced EL during storage at 7 ºC for 21 days of mango cv. Tommy Atkins. Our results also showed that Nam Dok Mai No. 4 treated with SA and MJ had lower EL and MDA content than those of the control when fruits were transferred to room temperature for ripening ( Figures 5 and 6 ). This result is consistent with previous studies by González-Aguilar et al. (2000) and Ding et al. (2007) who reported that SA and MJ treatments reduced EL and MDA in mango fruits cvs. Tommy Atkins and Zill after transfer to room temperature for ripening. A possible explanation for the effectiveness of SA and MJ in reducing CI in Nam Dok Mai No. 4 is that SA and MJ reduce lipid peroxidation of cell membranes and maintain membrane integrity with low EL and MDA content in the fruits during cold storage and ripening at room temperature, causing a reduction in CI symptoms. González-Aguilar et al. (2000 , Wang et al. (2006) , Ding et al. (2007) and Sayyari et al. (2009) also demonstrated that SA or MJ treatments alleviated CI together with the reduction of EL or MDA content in mangoes, guava, peach, and pomegranate fruits.
Another possible reason is that SA and MJ might enhance antioxidative defense systems such as antioxidant enzyme activity and antioxidant contents in mango fruits (Ding et al., 2007; Cao et al., 2009) . Increases in catalase, ascorbate peroxidase, superoxide dismutase, guaiacol peroxidase and glutathione reductase activities, and in content of ascorbic acid and glutathione were observed in Zill mangoes treated by SA (Ding et al., 2007) . The increase of catalase, ascorbate peroxidase, and superoxide dismutase activities were found in loquat fruits treated with MJ (Cao et al., 2009 ).
The effectiveness of SA and MJ in reducing chilling injury depends on the species or cultivar (Ding et al., 2002; Fung et al., 2004 Fung et al., & 2006 . In our experiment, 1 mM SA treatment was more effective in reducing chilling injury than MJ treatments during cold storage at 5 ºC and after transfer to room temperature for ripening (Figures 1 and  4) . A possible reason is that SA treatment reduces lipid peroxidation of cell membranes and maintains membrane integrity more effectively than MJ treatments. This explanation is supported by the results shown in Figures 2, 3 , 5, and 6 in which fruits treated with SA had a lower percentage of EL and MDA content than those of MJ treated fruits. Our results agree with Fung et al. (2006) who reported that treatment with methyl salicylate (MeSA), a derivative of SA, was more efficient in reducing CI symptoms of tomato fruit (Lycopersicon esculentum L.) than MJ treatments, but in sweet peppers (Capsicum annuum L.), MJ treatments were more effective than MeSA (Fung et al. 2004) . In addition to the species or cultivar, the effectiveness of SA and MJ in reducing chilling injury also depends on the concentrations used (González-Aguilar et al., 2001; Wang et al., 2006; Sayyari et al., 2009 ). We found that 1 mM SA was more effective than 0.1 mM SA (Figures 1 and 4) . This is in agreement with Wang et al. (2006) and Sayyari et al. (2009) who reported that the highest SA concentrations (1 mM and 2 mM) were the most effective to reduce CI symptoms of peach and pomegranate fruits.
SA and MJ treatments not only reduced CI symptoms, MDA and EL of Nam Dok Mai No.4 mangoes during cold storage at 5 ºC and at the ripening stage at room temperature, but also prolonged storage life. The score of consumer acceptance showed that the control fruits were unacceptable after storage in cold temperature for 28 days with a score of consumer acceptance lower than six, whereas fruits treated with SA or MJ were still acceptable (Table 1 ). The treatment of 0.1 mM SA prolonged high fruit quality up to 35 days, while 1 mM SA did this until 42 days (Table 1) . Fruit firmness, percentages of TA and skin color (°Hue values) of ripe fruits after cold storage for 7-42 days were not significantly different between normally ripened fruits and all SA and MJ treatments, except TSS and days to ripen which were lower and shorter than those of normally ripened fruits (Table 1) . This indicates that SA and MJ treatments maintained high fruit quality. Our results agree with those of Ding et al. (2007) who showed that the quality of ripening mango cv. Zill was not obviously affected by pretreatment with SA. González-Aguilar et al. (2000 & 2001 also found that MJ treatment did not affect ripening qualities of mango cv. Tommy Atkins and Kent. It is interesting to note that although 1 mM SA could prolong fruit quality up to 42 days, this treatment could not control disease of the fruits. Further experiments need to be done to overcome this problem.
Conclusions
Nam Dok Mai No. 4 mango fruits showed CI symptoms after 21 days of storage at 5 ºC and were unacceptable for consumption after 28 days of cold storage followed by to room temperature. Dipping fruits in 0.1 mM MJ, 1 mM MJ and 0.1 mM SA reduced CI of cold storage and after transfer to room temperature for up to 35 days. Dipping in 1 mM SA prolonged fruit quality up to 42 days without affecting fruit firmness, percentages of TA, and skin color (°Hue values) of ripe fruits.
